The mating pair formation (Mpf) system functions as a secretion machinery for intercellular DNA transfer during bacterial conjugation. The components of the Mpf system, comprising a minimal set of 10 conserved proteins, form a membrane-spanning protein complex and a surface-exposed sex pilus, which both serve to establish intimate physical contacts with a recipient bacterium. To function as a DNA secretion apparatus the Mpf complex additionally requires the coupling protein (CP). The CP interacts with the DNA substrate and couples it to the secretion pore formed by the Mpf system. Mpf/CP conjugation systems belong to the family of type IV secretion systems (T4SS), which also includes DNA-uptake and -release systems, as well as eVector protein translocation systems of bacterial pathogens such as Agrobacterium tumefaciens (VirB/VirD4) and Helicobacter pylori (Cag). The increased eVorts to unravel the molecular mechanisms of type IV secretion have largely advanced our current understanding of the Mpf/CP system of bacterial conjugation systems. It has become apparent that proteins coupled to DNA rather than DNA itself are the actively transported substrates during bacterial conjugation. We here present a uniWed and updated view of the functioning and the molecular architecture of the Mpf/CP machinery. 
Introduction
Bacterial conjugation, often referred to as 'bacterial sex' is one of the major routes of horizontal gene transfer and accounts for the rapid spread of antibiotic resistance genes among pathogenic bacteria (Waters, 1999) . Mechanistically, conjugative plasmids Wrst undergo processing into a transfer-competent form, and are then transferred into a recipient bacterium where they subsequently replicate. Conjugative plasmids can spread autonomously since they are equipped with the entire set of genes that are required for plasmid transfer. Many of the conjugative plasmids are supplied with broad host range properties among Gram-negative species and a small number of these plasmids can also transfer between and replicate in both Gramnegative and Gram-positive bacteria (Charpentier et al., 1999; Gormley and Davis, 1991; Kurenbach et al., 2003; Trieu-Cuot et al., 1987) . Intriguingly, conjugative DNA transfer between bacteria and eukaryotic cells has also been reported (Heinemann and Sprague, 1989; Waters, 2001) , demonstrating that bacterial conjugation contributes to genetic exchange going even beyond the bacterial kingdom.
The genetic framework of conjugation systems has been grouped into two functional subsets belonging to the DNA transfer and replication (Dtr) and the mating pair formation (Mpf) systems (Willetts, 1981) . The Dtr system is responsible for plasmid replication and processing of the conjugative plasmid into a transfer-competent intermediate (a protein-DNA conjugate). The Mpf system is essential for production of exocellular pili and formation of a trans-envelope channel structure presumably serving as a conduit for protein and DNA substrates. A third function, mediating between Dtr and Mpf, is carried out by the coupling protein (CP, VirD4). The CP Wrst delivers the protein-DNA substrate generated by the Dtr to the entry of the Mpf channel and then probably participates in the active secretion of the substrate. Plasmids that lack a Mpf system but encode their own Dtr and, optionally, their own CP, are frequently found. Such plasmids, called mobilizable (Mob) plasmids, can be transferred from one bacterium to another in case a Mpf system able to interact with the Dtr system of the Mob plasmid is present in the same donor bacterium (encoded either on a second plasmid or on the chromosome). Studies carried out with Mob plasmids have therefore largely contributed in identifying the genetic determinants of the Mpf and Dtr systems and, speciWcally, the role of the CP.
Long after the Wrst discovery of bacterial conjugation, which dates back to 1946 (Lederberg and Tatum, 1946) , a series of pathogenicity-associated secretion systems delivering toxic protein or DNA substrates into eukaryotic host cells were discovered to be sequence-related to bacterial conjugation systems (Lessl and Lanka, 1994; Lessl et al., 1992) . These secretion systems are grouped into the family of type IV secretion systems (T4SS), as originally proposed by Salmond (1994) (Table 1 ). The family of T4SS includes the VirB/VirD4 system encoded by the Agrobacterium tumefaciens Ti plasmid, which is responsible for the formation of tumors in infected plant tissues. The VirB/VirD4 system secretes an oncogenic DNA fragment (T-DNA), which, similar to conjugation systems, is processed into a transfer-competent protein-DNA conjugate before transfer. Proteins that are secreted along with the T-DNA enable import of the T-DNA into the nucleus and integration of the T-DNA into the plant chromosome. Other T4SS target eVector proteins or toxins into infected host cells. These include the T4SS of Bordetella pertussis (Ptl), Helicobacter pylori (Cag), and Bartonella henselae (VirB/VirD4), responsible for whooping cough, gastric diseases, and cat scratch disease, respectively (Cascales and Christie, 2003; Schröder et al., 2005) .
Numerous studies on Mpf/CP systems of bacterial conjugation systems and of other T4SS have aimed to assign speciWc functions to individual Mpf components and their contribution to the secretion process. Since these components are networked within a tight complex that is integrated into the bacterial membranes, this has often been a diYcult objective. However, based on a conserved set of proteins that are found in most T4SS (Fig. 1) , we are now able to present a uniWed view of a 'model' Mpf system, assigning functions to the 'key players' VirB1-VirB11 and the CP (VirD4).
The foreplay of bacterial sex: mating pair formation
How do bacteria have sex? The Wrst requirements are: Wnd a partner cell, get close to it, and Andersson et al. (1998) , Masui et al. (2000) , Ogata et al. (2001) , and Ohashi et al. (2002) sense whether it is "willing" to conjugate. The sex pilus that is produced by the Mpf system is thought to exactly serve these purposes. It is an elongated, tubular, appendage of the cell that mediates initial contact between donor and recipient cells, and brings the cell surfaces into close proximity. Sex pili have been detected in most bacterial conjugation systems (Frost, 1993) and also in the A. tumefaciens VirB/VirD4 system, where this structure is called the T-pilus (Fullner et al., 1996; . In conjugation systems, two major types of pili are distinguished: F-like pili (produced by IncF, -H, -T, and -J systems) and P-like pili (produced by IncP, -N, -W, and -I systems) . F-like pili are long and Xexible, measuring 2-20 m in length and 8 nm in width with a central lumen of 2 nm. By contrast, P-pili are shorter (0.2-1 m) and rigid and therefore easily break oV from the pilusproducing cells. The number of sex pili produced per bacterium is usually rather low; depending of the host strain, 1-4 pili are detected in F plasmid carrying bacteria [(Novotny and Lavin, 1971 ) and references cited therein] and the average number of pili produced by other conjugation systems lies in a similar range. Pili are produced both on the lateral sides and on the poles of a bacterium, although in case of the A. tumefaciens T-pili they are more abundantly found at cell poles . Likewise, the Mpf transport apparatus of A. tumefaciens (VirB/VirD4) localizes to the bacterial poles (Atmakuri et al., 2003; Judd et al., 2005; Kumar and Das, 2002) . This diVerence of the A. tumefaciens VirB/VirD4 system versus bacterial conjugation systems is also reXected in the observed Fig. 1 . Conserved genes in Mpf/CP and related type IV secretion systems. The set of VirB-like genes, with reference to the paradigm of the A. tumefaciens VirB/VirD4 system, is conserved in a large number of secretion systems transporting DNA (yellow background), eVector proteins (blue background), or both (green backround). A subset of these components is functional for DNA uptake (orange background). Genes are represented in correct relative size and gene order, with arrowheads indicating the start sites. Homologous genes are shown in identical colours. Predicted peptide motifs are indicated by boxed letters: A, Walker A nucleotide-binding motif; E, export signal peptide; L, lipoprotein signal peptide.
donor-recipient interactions: whereas bacterial mating pairs have been observed to form in all possible relative positions (side-to-side, pole-to-pole, side-to-pole, and pole-to-side of donor and recipient, respectively) (Lawley et al., 2002) , the attachment of A. tumefaciens to plant cells seems to occur mainly in a polar manner (Matthysse, 1987) . Sex pili are composed of a small subunit, the pilin (VirB2), which assembles into a Wlamentous pilus structure at the cell surface (Eisenbrandt et al., 1999; Lai and Kado, 1998) . Two additional proteins, VirB5 and VirB7, localize to the pilus (Sagulenko et al., 2001b; Schmidt-Eisenlohr et al., 1999a) . Little is known about speciWc receptors allowing the pilus to attach to a recipient cell. Outer-membrane protein A (OmpA) and the lipopolysaccharide (LPS) of Escherichia coli are required in recipients for eYcient mating pair formation during F plasmid-mediated conjugation in liquid cultures; however, a direct interaction of OmpA or the LPS with a pilus component has not been demonstrated (Achtman et al., 1978b; Anthony et al., 1994; Skurray et al., 1974) . Four receptors have recently been identiWed in Arabidopsis thaliana plant cells infected by A. tumefaciens. The pilus subunit, VirB2, was seen to speciWcally interact with a membrane-associated GTPase, AtRAB8, and three A. thaliana proteins of unknown function (Hwang and Gelvin, 2004) . It remains uncertain whether bacterial conjugation systems use a common strategy for pilus attachment to outer-membrane receptors of a recipient cell. The presence of an adhesin-like component associated to the pilus, VirB5, is suggested by recent reports (see below). A search for VirB5-interacting receptors may in future provide evidence for its postulated role as an adhesin.
Once an interaction between the pilus and a recipient cell has occurred, the two partner cells draw near. It has been speculated for systems producing F-like pili that the reapproachement of partner cells may function through retraction of the pilus, which may be achieved by depolymerization of pilus subunits (Achtman et al., 1978a; Curtiss, 1969) . The identiWcation of spiral-like variants of the normally elongated T-pilus indicates that T pili may retract through winding up . The pilus may thus function as a grapple, by Wrst capturing and then pulling up the recipient cell. For systems producing rigid pili (P pili) such retraction mechanisms can, however, be excluded. When the two partner cells are close together they form a mating pair. Characteristically, mating pairs contain zones of intimate cellcell contacts in which the outer membranes of donor and recipient are not anymore separated by exocellular material. As seen in electron microscopic images, the outer membranes fuse with a layer of electron dense material over large sections of the cell, called "conjugative junctions" (Dürren-berger et al., 1991; Samuels et al., 2000) . It is worth noticing that these junctions are not composed of pilin (Samuels et al., 2000) .
Conjugation with recipient bacteria that already carry the plasmid to be transferred is speciWcally inhibited by the entry exclusion (Eex) system encoded on conjugative plasmids. Each plasmid has its own Eex system, but some plasmids encode related Eex systems and therefore inhibit the conjugative uptake of plasmids belonging to the same Eex group. How does entry exclusion work? Two diVerent mechanisms are known. The Wrst one interferes with the initial attachment of a donor bacterium to a potential recipient. An outer-membrane Eex protein such as TraT of the F plasmid prevents the bacterium from becoming a recipient for conjugation; this functions through inhibiting the binding of pili of donor bacteria to the cell surface of the recipient (Achtman et al., 1977; Riede and Eschbach, 1986) . The second mechanism mediating entry exclusion acts at a later stage, when mating pairs have already formed. At this stage, the entry of DNA is inhibited by the presence of a protein localizing at the inner membrane of the recipient cell. Examples are TraS of the F plasmid, which acts conjointly with TraT to mediate entry exclusion (Achtman et al., 1977) , or TrbK of plasmid RP4, which is the only Eex component of RP4 (Haase et al., 1996) .
The Mpf/CP secretion machinery: 12 components packed into an envelope
VirB1-VirB11 and VirD4 encoded on the A. tumefaciens Ti plasmid constitute a functional protein and DNA secretion machinery. These proteins, called VirB-like components, are wellconserved among the majority of T4SS, including the conjugation systems of the plasmids belonging to incompatibility groups IncN, IncW, IncX, and IncP and the pXF51/pSB102/pIPO2-like plasmids (Fig. 1) . Type IVb secretion systems (T4bSS) like the Dot/Icm system of Legionella pneumophila, as well as some of the bacterial conjugation systems (plasmids of incompatibility groups IncF, IncH, and IncI), are more divergent from VirB-like systems. These systems lack some of the conserved VirB-like components and, in turn, encode Mpf proteins that do not have a counterpart in VirBlike systems. However, type IVb and IncF, -H, and -I systems possibly encode functional homologues of the entire set of conserved VirB-like components. In the following, we present an overview on the function of the 12 VirB-like components, which are the most conserved and best-studied components of Mpf/CP systems. Each of these components, with exception of VirB1, is absolutely required for secretion of DNA-and/or protein substrates in T4SS. The complete set of VirB-like proteins assembles into a trans-envelope structure functioning as a pilus-building machine, and, upon interaction with the CP (VirD4), becomes a secretion machine for intercellular delivery of proteins and DNA.
VirB1: perforation of the peptidoglycan cell wall
VirB1 belongs to a widespread superfamily of lysozyme-like glycosylases (peptidoglycanases, muramidases) (Koraimann, 2003) . Members of this family of enzymes are capable of locally disrupting the Gram-negative peptidoglycan cell wall. Overproduction of the VirB1-like protein P19 of plasmid R1 results in the formation of membrane protrusions and causes cells lysis (Bayer et al., 2001) . Removal of VirB1 does not abolish but reduces transfer activity and prevents pilus synthesis (Bayer et al., 1995; Berger and Christie, 1994; Fullner et al., 1996; . Lysis of the cell wall may facilitate the assembly of the Mpf complex.VirB1-like proteins contain an N-terminal signal peptide and localize to the periplasm (Bayer et al., 2000) . In case of A. tumefaciens VirB1, the protein is cleaved into two halves once it has reached the periplasm. The N-terminal halve harboring the peptidoglycanase activity remains in the periplasm, whereas the C-terminal halve (VirB1*) is secreted to the exocellular space (Baron et al., 1997a) . Both halves of VirB1 independently support the functionality of the VirB/VirD4 secretion system, but the role of VirB1* remains elusive . In the Ptl secretion system of B. pertussis, a homologue of VirB1 is apparently missing. However, the VirB8-like protein of this secretion system (PtlE) contains an N-terminal domain mediating a VirB1-like peptidoglycanase activity (Rambow-Larsen and Weiss, 2002) , suggesting that VirB1 and VirB8 may closely interact in other Mpf systems. Indeed, interactions between VirB1 and VirB8 of A. tumefaciens have been detected in a yeast two-hybrid screen (Ward et al., 2002) . The other VirB1 interactions detected in the same screen (Table 2 ) await validation by biochemical data.
VirB2: the structural subunit of pili
As mentioned above VirB2-like proteins are the structural subunits of pili called pilins. Before secretion to the cell surface, the pilin precursor proteins (100-150 aa in size) undergo several processing steps starting with the cleavage of the N-terminal signal peptide. In case of the F plasmid pilin (TraA) signal peptide cleavage is followed by N-acetylation of the N-terminus (Moore et al., 1993) . The pilins of A. tumefaciens (VirB2) and RP4 (TrbC) undergo an unusual kind of modiWcation: N-and C-termini of the precursors form a peptide bond resulting in cyclic proteins, composed of 74 and 78 aa, respectively (Eisenbrandt et al., 1999) . In the A. tumefaciens T-pilus, VirB2 forms disulWde-cross-linked homodimers that are important for T-pilus stability (Sagulenko et al., 2001b) . Production of pili is probably dispensable in the B. pertussis Ptl secretion system, which functions without cell-cell contact and lacks an orthologue of the pilus component VirB5. However, there exists a pilin homologue in the Ptl system (PtlA) which is essential for secretion activity, suggesting that this pilin has an indispensable, yet diVerent role than that of a pilus subunit. Addi- Anderson et al. (1996) ; 16 Farizo et al. (1996) ; 17 Harris et al. (2001) ; 18 Das et al. (1997) ; 19 Das and Xie (2000); 20 Kumar and Das (2001) ; 21 Gilmour et al. (2003) ; 22 Llosa et al. (2003) ; 23 Krause et al. (2000a) ; 24 Yeo et al. (2000) ; 25 Hormaeche et al. (2002); 26 Schröder et al. (2002) ; 27 Kumar and Das (2002) . a All interactions that have been detected so far are listed. Validated and signiWcant interactions are discussed in the text.
tional indications for a pilus-unrelated function of pilins can be found: amino acid substitution mutants of pilins of conjugation systems were identiWed that are deWcient in pilus production, but proWcient in DNA transfer (Eisenbrandt et al., 2000) , Furthermore, cell fractionation experiments have shown that VirB2 does not only localize exocellularly to the pilus, but also to the outer and inner membranes of the pilus-producing bacteria (Shirasu and Kado, 1993) . It is thus conceivable that pilin, before assembling into an exterior pilus structure, forms a base or "stump" of the pilus that is anchored to the cell envelope. This stump structure is possibly suYcient for substrate transfer. Pilus elongation most probably depends on the presence of the other pilus components VirB5 and VirB7. As outlined below, pilus elongation seems to be controlled by the Mpf components VirB6 and VirB11, which may modulate the Mpf secretion channel for transport of pilus subunits.
VirB3: an outer-membrane component of the Mpf
VirB3 is a rather small (»100 aa) component of the Mpf localizing to both the inner and outer membranes, with the majority of the protein localizing to the outer membrane (Shirasu and Kado, 1993) . Stable expression of VirB3 requires the presence of the Mpf components VirB4 and VirB6 (Hapfelmeier et al., 2000; Jones et al., 1994) . Since VirB4 is also required for targeting of VirB3 to the outer membrane (Jones et al., 1994) , it is likely that VirB3 and VirB4 retain a close interaction in the Mpf complex, a presumption supported by the fact that VirB3 and VirB4 are encoded by a single gene (TriC) in case of the Cos100 conjugation system (Strauch et al., 2003) . A second interaction partner of VirB3 may be the pilus-associated protein VirB5, which has been detected to interact with VirB3 in a yeast two-hybrid screen, a result which was conWrmed by in vitro data (Shamaei-Tousi et al., 2004) .
VirB4: a motor of secretion embedded in the heart of the secretion machinery?
VirB4, along with VirB11 and VirD4, is one of the three Mpf/CP components that are thought to energize the secretion machinery. Each of these proteins contains the conserved Walker A and B sequence motifs that form a nucleotide-binding site in nucleotide hydrolases (NTPases) (Walker et al., 1982) . In the process of type IV secretion, NTPases may convert the chemical energy freed by nucleotide hydrolysis into the kinetic energy needed for translocation of substrates. Mutational analysis of virB4 has shown that the Walker A and B motifs are indeed essential for functionality of the secretion system (Berger and Christie, 1993; Cook et al., 1999; Fullner et al., 1994; Rabel et al., 2003) . T-DNA immunoprecipitation (TrIP) analysis of Walker A motif mutations of VirB4 further revealed that such mutations arrest the transfer of the A. tumefaciens T-DNA substrate to the Mpf channel components VirB6 and VirB8 (Atmakuri et al., 2004) . However, experiments with several puriWed VirB4-like proteins failed to detect an NTPase activity in vitro (Rabel et al., 2003) , and an early report on VirB4 ATPase activity remains unconWrmed . It is possible that an accessory factor is required to reconstitute the putative NTPase activity of VirB4 in vitro; alternatively, the protein may only bind to nucleotides without hydrolyzing them. Such binding may have a function related to the subsequent (or preceding) hydrolysis of nucleotides by the closely interacting NTPase VirB11 (see below). Binding and/or hydrolysis of nucleotides by VirB4 should allow VirB4 to undergo conformational changes that drive the translocation of secretion substrates and/or pilus subunits.
VirB4-like proteins are the largest of the VirB proteins (»800-850 aa) and they localize to the inner membrane. Several observations have led to the view that VirB4 is deeply engaged into protein interactions with other Mpf/CP components that take place independently of a functional nucleotide binding/hydrolysis domain (NBD). First, amino acid substitution mutants in the NBD of VirB4 display a negative-dominant phenotype (Berger and Christie, 1993; Dang et al., 1999; Fullner et al., 1994; Rabel et al., 2003) . Second, a VirB4-Gfp fusion protein (TrhC of plasmid R27 fused to Gfp) localizes at discrete sites of the cellular membrane, and this localization, although requiring the presence of several Mpf components, does not require a functional NBD (Gilmour et al., 2001; Gilmour and Taylor, 2004) . Third, the presence of a subset of VirB proteins, including VirB4, enhances the frequency of plasmid uptake when these cells serve as recipients in conjugation experiments with A. tumefaciens (Bohne et al., 1998) . This eVect requires the presence of the oligomeric form of VirB4 in recipients, whereas it is independent of a functional NBD (Dang et al., 1999 ). The conclusion is that VirB4 homomultimers are important structural components necessary for the assembly of a robust membrane-spanning channel structure that is potentially capable of transferring DNA bidirectionally. The NBD harboring the NTPase activity is probably required to conWgure this channel as a dedicated export machine, whereas the remaining domains of VirB4 serve to build a composite Mpf channel structure that is highly dependent on cooperative interactions with other Mpf/CP components. In the conjugation system of the Rhizobium plasmid pNGR324a, the VirB4-like protein seems to be split into two halves: the plasmid encodes two proteins, TrbEa and TrbEb (Freiberg et al., 1997) , with homology to the N-terminal (residues 1-137) and C-terminal (residues 161-819) domains of VirB4, respectively. Thus, the N-and C-terminal domains of VirB4 are likely to fulWll separate functions.
Putative interaction partners of VirB4 are VirB1, VirB8, VirB10, VirB11, and VirD4 (Table  2) . These interactions were initially detected in two-hybrid screens (Malek et al., 2004; Rain et al., 2001; Ward et al., 2002) and, in case of VirB10, VirB11, and VirD4, have been validated by in vitro methods (Atmakuri et al., 2004; Terradot et al., 2004) . Of special importance are the interactions between the three nucleotide-binding/hydrolyzing components VirB4, VirB11, and VirD4, since these components seem to conjointly energize the transport of the substrate from the cytosol into the membrane-spanning Mpf channel (see below).
VirB5: a component of the pilus mediating cell adhesion?
VirB5 is »220 residues in size and contains an N-terminal signal sequence. It localizes extracellularly to the pilus (Schmidt-Eisenlohr et al., 1999a,b) , but is also found in cytoplasm and in inner-membrane fractions of pili-producing bacteria (Thorstenson et al., 1993) . However, since VirB5 mutants can be complemented extracellularly (Winans and Walker, 1985) , the protein's functions are probably only required on the cell surface. For stable expression of VirB5, the presence of VirB6 is needed (Hapfelmeier et al., 2000) . The VirB5-like protein of IncN plasmid pKM101 (TraC) has been crystallized, revealing an elongated, -helical structure . Structure-based mutagenesis of TraC has provided some important insights on the function of VirB5-like proteins. It was seen that a patch of residues that coincides with the crystallographic molecular interface of two TraC molecules does not mediate TraC dimerization, but instead seems to be important for interactions of TraC with partner proteins . In the mutants analyzed, colocalization of TraC to the pilus was generally an essential requirement for transfer activity and susceptibility to attachment of pilus-speciWc phages. However, some mutants were identiWed, which, although localizing to pili and being transfer-positive, did prevent phage attachment, indicating that TraC is normally able to present receptors for phage attachment. In this view, an adhesin-like function, mediating bacterial attachment, has been proposed to be taken over by VirB5 . This function of VirB5 perfectly harmonizes with the-initially very skeptically viewed-lack of a VirB5-homologue in the B. pertussis Ptl system. Since the Ptl secretion system exceptionally functions without direct cell-cell contact, the presence of an adhesin should, in this special case, be dispensable, if not even undesirable.
VirB6: a modulator of the secretion channel?
VirB6 is a polytopic inner-membrane protein that forms part of the lumen of the Mpf channel structure, as detected by TrIP analysis in A. tumefaciens (Cascales and Christie, 2004b; Jakubowski et al., 2004) . Together with VirB8, VirB6 is required for delivery of the T-DNA substrate to the outermembrane-associated components VirB2 and VirB9 (Cascales and Christie, 2004b) . VirB6 of A. tumefaciens localizes to the cell poles, and this localization is dependent on the presence of Wve other Mpf components, VirB7 through VirB11 (Judd et al., 2005) . Conversely, the presence of VirB6 is required for stable expression of VirB3 and VirB5 and for formation of VirB7 homodimers and VirB7-VirB9 heterodimers (Hapfelmeier et al., 2000; Jakubowski et al., 2003; Krall et al., 2002) . The domains of VirB6 mediating polar localization, interaction with the T-DNA substrate, substrate transfer to VirB8 or substrate transfer to VirB2 and VirB9 have been delimited (Jakubowski et al., 2004; Judd et al., 2005) . These data on A. tumefaciens VirB6 clearly demonstrate the importance of VirB6 as a central channel component engaged in a series of substrate-and Mpf-component interactions. The requirement of VirB6 for the stability or functionality of the minor pilus components VirB5 and VirB7 indicates that VirB6 may play an important role in pilus biogenesis or pilus elongation (Hapfelmeier et al., 2000; Jakubowski et al., 2003; Krall et al., 2002) . The identiWcation of VirB6 insertion mutants that are deWcient in pilus production (Pil 
/Tra
+ phenotype has only been observed in mutants of the pilin (VirB2) and in mutants of VirB6 and VirB11, but not in mutants of any other Mpf/CP component (Jakubowski et al., 2003; Sagulenko et al., 2001a) . According to the "stump" model discussed above, the observed Pil ¡ /Tra + phenotype suggests that it is pilus elongation, but not initial formation of a pilus stump, which is impaired in the identiWed VirB2, VirB6, and VirB11 mutants. Thus, the native forms of VirB6 and VirB11 may normally control pilus elongation. It can be assumed that this control is achieved by modulating or gating the Mpf secretion channel for secretion of diVerent substrates: either for components needed for pilus elongation, such as VirB7, or for substrates destined for intercellular delivery.
VirB7: a lipoprotein connecting the pilus to the core complex
VirB7 is a small lipoprotein localizing both to the periplasmic side of the outer membrane and to the extracellular pilus, as observed in A. tumefaciens (Fernandez et al., 1996a; Sagulenko et al., 2001b) . In the H. pylori Cag secretion system the VirB7-homologue (HP0532) localizes to the base of an extracellular, T4SS-dependent Wlament structure (Rohde et al., 2003; Tanaka et al., 2003) . VirB7 of A. tumefaciens is required for stable expression of a series of Mpf components (VirB4, VirB9, VirB10, and VirB11) and also stabilizes the integrity of the T pilus (Beaupré et al., 1997; Fernandez et al., 1996b; Sagulenko et al., 2001b) . By tying intermolecular disulWde bridges, VirB7 is able to form homodimers as well as heterodimers with VirB9, an observation which has been made in multiple T4SS (Anderson et al., 1996; Baron et al., 1997b; Das et al., 1997; Farizo et al., 1996; Fernandez et al., 1996b; Harris et al., 2001; Spudich et al., 1996) . VirB9, in turn, is an outer-membrane component of the so-called core complex comprising VirB8, VirB9, and VirB10 (see below). Fractionation experiments of detergent-solubilized VirB7-containing protein complexes has identiWed two classes of complexes: one containing the pilus subunit VirB2 and the pilus-associated protein VirB5, and one containing the core complex components VirB8, VirB9, and VirB10 (Krall et al., 2002) . Thus, VirB7 may play the role of a connector, attaching the exocellular pilus to the core complex.
VirB8: a bridge over the periplasm representing a nucleation centre for Mpf complex assembly
VirB8 localizes to the inner membrane, with the majority of the protein exposed to the periplasmic space Das and Xie, 1998; Thorstenson and Zambryski, 1994) . In A. tumefaciens, it forms part of the core complex VirB8-VirB9-VirB10 Krall et al., 2002; Kumar and Das, 2001 ) and is needed for proper localization of VirB9 and VirB10 to discrete sites in the bacterial membrane probably representing the sites of Mpf pore complex (T complex) assembly (Kumar et al., 2000) . Since VirB8, by itself, is able to localize at such discrete sites, VirB8 is thought to play the role of a nucleation centre, recruiting VirB9 and VirB10 to the sites of T complex assembly (Kumar et al., 2000) . The interaction between VirB8, VirB9, and VirB10 establishes a direct bridging of the inner and outer membrane, a key characteristic of T4SS, which are thought to secrete their substrates and/or pilus subunits directly from the cytoplasm to the outside, without requiring periplasmic intermediates. The notion of VirB8 through VirB10 representing a core trans-envelope structure is also supported by the Wnding that homologues of VirB7 through VirB10 in the ComB system of H. pylori are suYcient for mediating DNA uptake (Hofreuter et al., 1998 (Hofreuter et al., , 2001 ). Determination of the 3D structure of the core complex could represent a Wrst milestone on the way to resolving the structure of the entire Mpf complex. The Wrst structures of two core complex components (the periplasmic domains of a VirB8 and a VirB10 representative) have recently been solved (Terradot et al., 2005) .
Apart from interacting with VirB9 and VirB10, VirB8 probably interacts with VirB1, the Mpf component responsible for degradation of the peptidoglycan. This is suggested by data of a twohybrid screen of A. tumefaciens VirB components (Ward et al., 2002) and by the existence in the B. pertussis Ptl system of a single, bifunctional protein harboring both a VirB8-and a VirB1-like domain (Rambow-Larsen and . Thus, in addition to recruiting VirB9 and VirB10, VirB8 may be essential for recruiting VirB1 to the site of Mpf complex assembly, engaging VirB1 for localized peptidoglycan lysis (Ward et al., 2002) .
VirB9: an outer-membrane anchor of the core complex
VirB9 of A. tumefaciens is present in the inner and the outer membranes, with the majority of the protein co-localizing with VirB8 and VirB10 at discrete sites in the outer membrane (Fernandez et al., 1996a; Kumar et al., 2000; Shirasu and Kado, 1993; Thorstenson et al., 1993) . Additionally, VirB9 forms disulWde-bridged complexes with outer-membrane-associated VirB7 that have a stabilizing eVect on VirB10 (Beaupré et al., 1997) . The role of VirB9 may thus consist in anchoring the core complex to the outer membrane.
VirB10: an energy sensor gating the Mpf channel
The core complex VirB8-VirB9-VirB10 spans the inner and outer membrane, where VirB8 is the inner-membrane anchor and VirB9 is the outermembrane anchor of the complex. VirB10 localizes to both membranes in fractionation experiments (Fernandez et al., 1996a) , however, the localization to the outer membrane requires the presence of VirB7 through VirB9 and at least one of the three components VirB1, VirB2, and VirB3 (Liu and Binns, 2003) . Apart from associating with VirB8 and VirB9, VirB10 also interacts with the two nucleotide-binding/hydrolyzing components VirB4 and VirD4 (Atmakuri et al., 2004; Gilmour et al., 2003; Llosa et al., 2003; Malek et al., 2004; Rain et al., 2001; Terradot et al., 2004; Ward et al., 2002) . Since VirD4, the coupling protein (CP) recruits the substrates to be secreted to the cytoplasmic face of the secretion channel (see below), the VirB10-CP interaction may be crucial at early events initiating substrate transfer. It can be speculated that an external signal, produced upon binding to a recipient cell, is propagated through the core complex and-via VirB10-communicates to the CP, which then becomes activated for substrate delivery. The domain of VirB10 mediating the interaction with the CP is contained in the N-terminal halve of VirB10, which is also responsible for VirB10 selfinteractions (Gilmour et al., 2003; Llosa et al., 2003) . Remarkably, the VirB10-CP interaction is not system-restricted: VirB10-like proteins can interact, although with lower aYnity, with CPs of heterologous T4SS, as suggested by data of a twohybrid interaction analysis (Llosa et al., 2003) . The versatility of the VirB10-CP interaction largely explains the functionality of chimeric bacterial conjugation systems containing an Mpf system of one plasmid and a Dtr system of a diVerent plasmid (Bolland et al., 1990; Cabezón et al., 1997; Hamilton et al., 2000) .
Protease susceptibility experiments have shown that VirB10 can adopt two diVerent conformations, one of which requiring the presence of cellular ATP (Cascales and Christie, 2004a) . Closer inspection has revealed that it is the ATP utilization by VirB11 and VirD4 (but not VirB4) that is responsible for the switch from the ATP-independent to the ATP-dependent "energized" conformation of VirB10 (Cascales and Christie, 2004a) . Only the energized conformation of VirB10 is able to form complexes with the outer-membrane component VirB9. In contrast, both conformations of VirB10 can interact with VirD4 at the inner membrane. Thus, VirB10 is able to sense and to respond to the energetic status communicated through VirB11 and VirD4. As a consequence VirB10 can either form or disassemble a periplasmic bridge between inner-and outer-membrane components of the Mpf channel (VirB4/VirD4 and VirB9, respectively), which is equivalent to opening or closing the Mpf channel for transfer of substrates.
VirB11: a ring-shaped cytoplasmic NTPase fuelling the secretion machinery
VirB11 belongs to the family of PulE-like NTPases found in type II, type IV and tad-like secretion systems (Motallebi-Veshareh et al., 1992; Planet et al., 2001; Whitchurch et al., 1991) . Along with VirB4 and the CP (VirD4), VirB11 is thought to energize the type IV secretion machinery either for complex assembly, pilus production and/or substrate secretion. The NTPase activity of several VirB11-like proteins has been determined in vitro (Christie et al., 1989; Krause et al., 2000b; Rivas et al., 1997; Sexton et al., 2004) , revealing a rather weak activity similar to the one observed for chaperons like DnaK (Zylicz et al., 1983) . VirB11 of A. tumefaciens has been reported to additionally possess an autophosphorylation activity (Christie et al., 1989) , however, such an activity was not detected for any other member of the family of VirB11-like proteins.
The weak NTPase activity of VirB11 can be enhanced by lipid binding, suggesting that, in vivo, localization of VirB11 to the bacterial membrane may stimulate NTPase activity (Krause et al., 2000b; Rivas et al., 1997) . More data supporting this assumption have been reported: upon lipid binding, VirB11 is seen to undergo conformational changes (Krause et al., 2000b) and the same eVect is also observed for nucleotide binding (Savvides et al., 2003) . Moreover, a functional nucleotide binding site is required for localization of VirB11 to the membrane (Sexton et al., 2004) . This may be the reason why nucleotide binding motif (Walker A) mutations of VirB11 fail to transfer the T-DNA substrate to the channel components VirB6 and VirB8, as detected by TrIP analysis in A. tumefaciens (Atmakuri et al., 2004) . The Wnding that VirB11 induces membrane destabilization and hemifusion of lipid vesicles in vitro (Machón et al., 2002) furthermore suggests that VirB11 may function for facilitating membrane insertion of Mpf proteins that are part of the envelope-spanning Mpf complex. Analysis of the structure of VirB11 (HP0525) has indeed revealed a close structural similarity to other proteins exerting a function involving membrane fusion processes (see below).
Multiple interactions of VirB11 with other Mpf proteins have been detected (Table 2) . Yeast-twohybrid studies have identiWed VirB1, VirB4, VirB8, VirB9, and VirB10 as interaction partners of VirB11 (Malek et al., 2004; Ward et al., 2002) . Biochemical evidence has however, only been reported for VirB11-VirB4 and VirB11-VirD4 interactions (Atmakuri et al., 2004) . A yeast-twohybrid analysis designed to elucidate interactions of the complete H. pylori proteome has proposed a number of non Mpf-encoded interaction partners, most of which are yet to be annotated to biological pathways (Rain et al., 2001 ). However, a closer inspection of the H. pylori protein interaction map uncovers an indirect connection between VirB11 (HP0525) and the secreted toxin of H. pylori, CagA (HP0547), since the two proteins appear to be bridged by their interaction partners HP1409 and HP0601 (G. Schröder, personal observation).
The structure of VirB11, as observed by electron microscopy, consists of hexameric rings (Krause et al., 2000a) . Crystal structures of the VirB11-like protein HP0525 (H. pylori), either in the unliganded form, or in complex with ADP or the nonhydrolyzable substrate analogue ATP S, have provided a detailed view on the structural dynamism of VirB11. The structure of ADP-bound or ATP S-bound HP0525 consists of a dome-like hexameric toroid closed on one end and open on the other (Savvides et al., 2003; Yeo et al., 2000) . The subunits of the hexamer contain an N-terminal and a C-terminal domain (NTD and CTD) which sandwich the bound nucleotide and stack as separate rings around the hexameric assembly. The NTDs deWne the open side (internal diameter of 50 Å) and the CTDs contribute to a 'six-clawed grapple' at the closed end (internal diameter of 10 Å) of the HP0525 hexamer (Fig. 2) . The CTD adopts the RecA fold (Story and Steitz, 1992) typical for ATPases, whereas the fold of the NTD is novel. The structural diVerences between ADPbound and ATP S-bound HP0525 are subtle and only consist of local rearrangements in the nucleotide-binding site. A more important diVerence is the Wnding that the nucleotide binding sites of HP0525 are not fully occupied in ATP S-HP0525 crystals, in contrast to the stoichiometric complexes found with ADP. The structure of unliganded HP0525 (Savvides et al., 2003) shows a more dramatic change when compared to the structures of nucleotide-bound HP0525: whereas the CTD ring remains unchanged, the individual NTDs exhibit unequal rigid-body rotations away from the center of the chamber, making the NTD ring asymmetric. Since the NTDs have been identiWed as mediators of multiple protein interactions by two-hybrid analysis (Rain et al., 2001; Ward et al., 2002) , it is conceivable that their Xexibility in the nucleotide-free form of HP0525 may be required for eYciently inserting into target binding sites. In summary, the diVerences between the structures of ADP-bound, ATP S-bound and nucleotide-free HP0525 have lead to the proposal of a model for the mechanism of sequential binding and hydrolysis by HP0525 (Savvides et al., 2003) :
1. The nucleotide free form of HP0525 is an asymmetric hexamer. The CTDs are responsible for holding the subunits together while the NTDs are Xexible and may thus bind to target macromolecular complexes. 2. The binding of three ATP molecules locks three subunits into a rigid conformation. 3. Hydrolysis of the three ATPs to ADP with concomitant binding of ATP to the remaining three nucleotide-free subunits results in a perfectly hexameric rigid form. 4. The structure retains its symmetry and rigidity until all ATP molecules are hydrolyzed, at which point HP0525 can return to its nucleotide free form. Although sequence-unrelated, the structure of HP0525 is remarkably similar to that of the p97 AAA ATPase which, similarly to the related Nethylmaleimide-sensitive fusion protein (NSF), plays a central role in organelle assembly and membrane fusion processes in the endoplasmic reticulum and the Golgi apparatus (Patel and Latterich, 1998; Ye et al., 2001 ). It has therefore been proposed that VirB11-like proteins, by analogy to p97 and NSF, could serve as mechanical transducers providing the necessary mechanical force for the recruitment/assembly/disassembly of type IV secretion protein components, making them available for insertion into the nascent secretion apparatus and/or to facilitate substrate translocation across the inner membrane (Savvides et al., 2003) .
CP (VirD4): the cytoplasmic gate to the secretion channel
The coupling protein (CP, VirD4, and TraGlike protein) is an NTP-binding protein that probably contributes to energize the secretion machinery along with VirB4 and VirB11. Similarly to the situation encountered with VirB4, the initially postulated NTPase activity of the CP has not been detected in vitro (Moncalián et al., 1999; Schröder et al., 2002) . However, CPs have been demonstrated to bind nucleotides (NTPs) and also nucleotide diphosphates (NDPs) in vitro (Gomis-Rüth et al., 2001; Moncalián et al., 1999; Schröder and Lanka, 2003) . Binding and release of nucleotides, which is possibly triggered by Mg 2+ , may have a mechanistic function related to substrate translocation (Schröder and Lanka, 2003) . Mutational analysis of the putative nucleotide binding motifs (Walker A and B 'P-loop' motifs) indicates an essential function of this binding activity for the secretion process (Balzer et al., 1994; Kumar and Das, 2002; Moncalián et al., 1999) .
CPs are found in each conjugation system and in most other T4SS, in which they are essential for secretion, but they exceptionally lack in the T4SS of Brucella sp. and B. pertussis. In conjugation, the CP is required for conjugative DNA transfer, but not for pilus production and mating pair formation (Beijersbergen et al., 1992; . In conjugation experiments with chimeric conjugation systems, composed of Mpf and Dtr systems originating from two diVerent plasmids, the CP is the factor that determines whether the chimeric machinery is functional or not. By exchanging the CP, the speciWcity of a given Mpf system for transport of diVerent mobilizable plasmids can be switched, implying that CPs represent an interface between the Mpf complex and the DNA substrate (Cabezón et al., 1994 Hamilton et al., 2000; Lessl et al., 1993) . This conclusion has been validated by biochemical data: CPs of conjugation systems have indeed been detected to directly interact with the relaxase, which is the Dtr component that covalently attaches to the DNA substrate during conjugative transfer (Llosa et al., 2003; Pansegrau and Lanka, 1996b; Schröder et al., 2002; Szpirer et al., 2000) . Also, accessory Dtr components such as TraM of the F plasmid (Disqué-Kochem and Dreiseikelmann, 1997), as well as the DNA itself are seen to interact with CPs (Moncalián et al., 1999; Panicker and Minkley, 1992; Schröder and Lanka, 2003; Schröder et al., 2002) . Whereas the interactions of the CP with the protein components of the Dtr system are speciWc, the binding to DNA is non-sequence-speciWc, with a preference for single-stranded (ss) DNA (Moncalián et al., 1999; Schröder and Lanka, 2003; Schröder et al., 2002) . This indicates that substrate recognition by the CP primarily occurs via interactions with protein components of the transfer-competent protein/DNA-intermediate. By analogy, the CP of A. tumefaciens, VirD4, interacts with the protein substrate VirE2 (Atmakuri et al., 2003) , which is secreted into plant cells independent of T-DNA transfer (Vergunst et al., 2000) . The interaction is mediated by the C-terminal domain of VirE2 (Atmakuri et al., 2003) . The C-termini of several T4SS-translocated substrates have been identiWed as the signals mediating secretion by their associated secretion systems (Nagai et al., 2005; Schulein et al., 2005; Simone et al., 2001; Vergunst et al., 2000 Vergunst et al., , 2003 Vergunst et al., , 2005 . It therefore seems probable that substrate recognition by the CPs, as a general rule, occurs via speciWc interactions between the CPs and the C-termini of their associated substrates.
On the side of the Mpf system, the interaction partners of the CP are VirB4, VirB10, and VirB11 (Atmakuri et al., 2004; Gilmour et al., 2003; Llosa et al., 2003; Malek et al., 2004) . These Mpf proteins are inner-membrane components of the envelopespanning Mpf complex. CPs, in turn, are cytoplasmic proteins containing an N-terminal membrane anchor (Das and Xie, 1998; Lee et al., 1999; Schrö-der et al., 2002) . The interaction between the CP and VirB10 has been studied in more detail. In both proteins, the interaction domain was mapped to the N-terminal part containing periplasmic and transmembrane stretches, suggesting that the interaction takes place in the membrane and/or in the periplasm (Gilmour et al., 2003; Llosa et al., 2003) . Interestingly, CP-VirB10 interactions can also be detected if the interaction partners originate from two diVerent conjugation systems. The strength of interaction correlates with the eYciency of DNA transfer that is mediated by the chimeric conjugation system, supporting the view that CPs couple the DNA substrate to the Mpf complex (Llosa et al., 2003) .
As seen in crystal structures and electron microscopic images of the CP TrwB (plasmid R388), CPs form hexameric ring structures, reminiscent of ring helicases and F1-ATPase (Gomis-Rüth et al., 2001; Hormaeche et al., 2002) . Other CPs (TraG of plasmid RP4, TraD of the F plasmid) form higher oligomers, when analyzed in vitro, but they may adopt a similar ring structure in vivo (Schröder et al., 2002) . The crystal structure of the cytoplasmic domain of TrwB (TrwB N70) reveals a rather large (110 Å £ 90 Å), globular hexameric assembly composed of intimately associated subunits (Fig.  2) . The TrwB N70 hexamer harbors a central channel of »22 Å but constricts to »7 Å on the side facing the cytosolic milieu. The TrwB N70 subunits have the shape of an orange segment and are composed of two linked domains: a highly twisted Rec-A like (Story and Steitz, 1992 ) / nucleotide-binding domain (NBD) and a smaller all-helical domain (AAD). The nucleotide binding sites are formed by superWcial cavities at the interfaces between the subunits. The AAD has been proposed to be a putative DNA-binding domain since the AAD of TrwB bears signiWcant similarities with the nucleotide-binding proportion of the site-speciWc recombinase XerD and with the DNA-binding domain of TraM of plasmid R1 . The overall structure of TrwB N70 is remarkably similar to the structure of the F 1 -ATPase 3 3 heterohexamer (Abrahams et al., 1994) suggesting that T4CPs may also act as molecular motors. Contrary to the dramatic rigidbody domain shifts between nucleotide-and unliganded forms of HP0525 (VirB11), nucleotidebound, and nucleotide-free TrwB N70 exhibits more subtle conformational changes (Gomis-Rüth et al., 2001 . However, these structural rearrangements propagate all the way to the internal channel of the structure, suggesting that nucleotide-binding and/or hydrolysis may serve as a molecular switch facilitating the binding and threading of the protein-linked DNA substrate through the TrwB central channel during conjugation (Gomis-Rüth et al., 2001 . The narrowing of the internal channel at the cytoplasmic face of the hexameric assembly however suggests that additional conformational adjustments must take place for widening this end of the channel, so that passage of the substrate can be achieved.
Removal of the N-terminal membrane anchor of CPs increases their solubility and disrupts their ability to oligomerize in vitro (Hormaeche et al., 2002; Moncalián et al., 1999; Schröder et al., 2002) . The monomeric, cytoplasmic domain of the CP is suYcient for binding nucleotides as well as DNA (Moncalián et al., 1999; Schröder and Lanka, 2003) . In contrast, binding to the relaxase substrate requires the presence of the N-terminal membrane anchor, probably because oligomerization of the CP is essential for relaxase binding (Schröder and Lanka, 2003) . In A. tumefaciens, the CP (VirD4) localizes to the cellular poles. Polar localization occurs independently of the presence of other Mpf components and requires both the N-terminal periplasmic domain as well as the nucleotide-binding motif of the protein (Kumar and Das, 2002) .
Immunoprecipitation experiments of crosslinked T-DNA complexes (TrIP analysis) in A. tumefaciens have identiWed the CP to be the Wrst component of the secretion machinery to contact the DNA substrate on its pathway through the secretion channel (Cascales and Christie, 2004b) . The Mpf proteins VirB2, VirB6, VirB8, and VirB11, are contacted at a later stage of secretion, since deletion of the CP prevents the normally detected T-DNA-crosslinks with these components. TrIP analysis in diVerent mutant backgrounds has further identiWed the hierarchy with respect to T-DNA contact formation, revealing the chronological order of T-DNA contacts with Mpf components during T-DNA transport: after contacting the CP (1), the T-DNA "meets" VirB11 (2), followed by VirB6 and VirB8 (3), and Wnally VirB2 and VirB9 (4). Accordingly, the CP is the place of departure for the T-DNA substrate on its journey through the secretion pore. Subsequently, the substrate passes to VirB11, where it then enters the membrane-spanning channel, encountering the channel components VirB6 and VirB8. The ultimate T-DNA contacts before transfer of the T-DNA into a recipient cell are formed with the outer-membrane/surface components VirB9 and VirB2. Interestingly, a mutation of the Walker A motif in VirD4 does not prevent T-DNA transfer to VirB11, but instead arrests the transfer from VirB11 to VirB6 and VirB8 (Atmakuri et al., 2004) . The same arrested state is observed with Walker A mutations in VirB4 and VirB11, indicating that the three NTP-binding/ hydrolyzing Mpf/CP components VirB4, VirB11, and VirD4 may conjointly energize the transfer of the T-DNA substrate to the channel components VirB6 and VirB8.
In summary, CPs seem to function as a gate to the Mpf secretion channel. SpeciWc interactions between substrate and CP, functioning as key and lock, respectively, may open the gate for transport of the substrates. Co-localization and interaction between each of the three NTP-binding/hydrolyzing components of the Mpf/CP system (VirB4, VirB11, and the CP) indicates that transfer of the substrates is energized in a concerted fashion. This putative three-component motor VirB4/VirB11/CP localizes to the cytoplasmic end of the secretion channel and may utilize NTP-binding and/or NTP-hydrolysis to undergo conformational changes and molecular movements that propagate all the way through the secretion channel, adding up in the transport of substrates across the channel. The exceptional lack of a CP in the B. pertussis T4SS (Ptl) comes along with other unusual features of this secretion system. Whereas T4SS-mediated secretion across the bacterial membranes is thought to normally function in a single step, the substrate of the Ptl system, the heterooligomeric pertussis toxin (PT), is secreted in two steps. First, the toxin subunits are exported into the periplasmic space, the export being carried out by the Sec system (Locht and Keith, 1986; Nicosia et al., 1986) . Next, the subunits assemble into the holotoxin, which then becomes secreted to the exocellular milieu by means of the Ptl type IV secretion machinery (Weiss et al., 1993) . It is tempting to speculate that the diVerences between the B. pertussis Ptl system and the other T4SS exactly reXect the function of the CP, which, similarly to the Sec system, carries out the transport of proteins through the cytoplasmic membrane.
Conjugative relaxases: DNA carrier proteins secreted by the Mpf system
In conjugation, the transmitted substrate consists of a linear, single-stranded copy of the conjugative or mobilizable plasmid, which, at its 5Ј end, is covalently attached to the Dtr-encoded relaxase. Generation of this protein-DNA substrate involves two key events: (1) strand-and site-speciWc cleavage of the plasmid; (2) generation of a single-stranded DNA (ssDNA) copy of the plasmid as a result of rolling circle-type replication (RCR). Conjugative relaxases initiate the Wrst of these two key events by catalyzing the cleavage at the nic site located within the origin of transfer (oriT) of the plasmid. The reaction occurs via a nucleophilic attack by the hydroxyl group of the relaxase's catalytic tyrosine residue on the 5Ј side of the DNA phosphate. This transesteriWcation reaction results in a stable phosphotyrosyl linkage plus a free 3Ј hydroxyl group on the transfer strand of the plasmid [reviewed in (Pansegrau and Lanka, 1996b) ].
The relaxase-ssDNA substrate is then secreted unidirectionally (in 5Ј to 3Ј direction) into a recipient cell. Transfer, carried out by the Mpf/CP machinery, is probably coupled to replication of the plasmid by an RCR mechanism. After transfer of a complete copy of the transfer strand into the recipient cell, the relaxase recognizes the reconsti-tuted nic site and undergoes a second transesteriWcation reaction, resulting in recircularization of the transfer strand (Llosa et al., 2002; Pansegrau and Lanka, 1996a) . This model view, derived from in vitro studies demonstrating the cleavage/joining reactions of ssDNA strands by the relaxase, has recently been validated by in vivo studies. It was shown that the relaxase (TrwC of plasmid R388) is secreted into the recipient cell in an active form capable of cleaving an oriT substrate resident in the recipient [M. Llosa, communicated on the Plasmid Biology 2004 Meeting (Wegrzyn, 2005) ]; moreover, secretion of the relaxases TrwC (R388), MobA (RSF1010), and VirD2 (Ti) was shown to occur independently of DNA transfer (Luo and Isberg, 2004; Vergunst et al., 2005; Wegrzyn, 2005) . It can thus be assumed that the process of conjugative DNA transfer relies on secretion of the relaxase as a pilot protein that trails the covalently attached transfer strand. This view is further supported by the Wnding that the relaxase speciWcally interacts with the CP of the Mpf/CP secretion machinery (Llosa et al., 2003; Pansegrau and Lanka, 1996b; Schröder et al., 2002; Szpirer et al., 2000) , an interaction that is probably essential for initiating the process of secretion. Finally, other type IV secretion systems, which are ancestrally related to the conjugative Mpf/CP machinery, are found to secrete protein substrates without any indication for concomitant DNA transfer (Cascales and Christie, 2003; Schröder et al., 2005) . The existence of a C-terminal signal mediating translocation of dedicated T4SS protein substrates has been discovered in three diVerent T4SS: the VirB/VirD4 systems of B. henselae and A. tumefaciens, and the Dot/Icm system of L. pneumophila (Atmakuri et al., 2003; Nagai et al., 2005; Schulein et al., 2005; Simone et al., 2001; Vergunst et al., 2000 Vergunst et al., , 2003 Vergunst et al., , 2005 . Evidence is accumulating that these secretion systems have evolved from conjugation systems and that the C-terminal secretion signal of their secreted protein substrates originates from a relaxase ancestor (Schulein et al., 2005) .
The crystal structures of the relaxase domains of TrwC (R388) and TraI (F) have been determined (Datta et al., 2003; Guasch et al., 2003) . They reveal a conserved compact molecular scaVold possessing features that explain the high aYnity and speciWcity for their respective DNA substrates. The structure consists of a Wve-strand antiparallel -sheet core ('palm' domain), which is Xanked by several -helices. The structure of TrwC in complex with a 25-mer oligonucleotide corresponding to the sequence of the transfer strand just upstream of the nic site furthermore provides details of the interactions between the relaxase and its ssDNA substrate (Guasch et al., 2003) . This structure corresponds to the situation most probably encountered after cleavage at the nic site. Here, the oligonucleotide forms a double-stranded hairpin followed by a single-stranded portion that ends in a closed pocket including the active site of TrwC. The closed structure at the nic site implies that the relaxase must undergo a conformational change in this region to allow exchange of cleaved and uncleaved ssDNA. Structure determination of a DNA-complexed relaxase, residing in the state prior to nic cleavage, is needed to gain more insights into the detailed mechanism of ssDNA cleavage.
The active sites of TraI and TrwC contain a catalytic tyrosine residue and a divalent metal ion. Possible roles for the metal cation consist in polarizing the scissile phosphate of the ssDNA substrate for facilitating the nucleophilic attack by the catalytic tyrosine hydroxyl group, and of stabilizing the ensuing transition state. An aspartate residue in TrwC has been proposed as a candidate general base that could activate the catalytic tyrosine by proton abstraction (Guasch et al., 2003) . TraI and TrwC each contain a second tyrosine residue which is thought to catalyze the second DNA strand transfer reaction that recircularizes the plasmid after one round of transfer (Grandoso et al., 2000; Pansegrau and Lanka, 1996b) . Following the paradigm of ssDNA bacteriophage replication (Hanai and Wang, 1993; van Mansfeld et al., 1986) , the mechanism may involve a "Xip-Xop" reaction allowing eYcient recircularization and transfer of multiple copies of the plasmid, without need for reinitiation of the oriT-relaxase complex. Consistent with this view, the two catalytic tyrosine residues of TraI, although not far separated, localize on opposite faces of the protein. This may be a necessary feature for enabling DNA cleavage by the second tyrosine residue, while the Wrst tyrosine residue is still covalently attached to the DNA strand.
Conclusions
The Mpf/CP secretion machinery is a large trans-envelope structure that enables intercellular delivery of proteins and DNA. Particular functions have been assigned to most of the individual components of this secretion machinery (Fig. 3) . The power unit consists of a three-component engine, VirB4/VirB11/VirD4, which, fuelled by nucleotides, energizes the transport of dedicated substrates from the cytoplasmic/inner-membrane end of the secretion channel. Here, VirD4 is the speciWcity determinant for substrate recognition. VirB8/ VirB9/VirB10 form the core complex of the secretion channel: VirB8 is a periplasmic nucleation centre for complex assembly; VirB10 senses the energetic state of VirB11 and VirD4 and responds to it by closing or opening the periplasmic gap to VirB9, which is the outer-membrane anchor of the core complex. A second outer-membrane component of the Mpf/CP complex is VirB3. For facilitating complex assembly, the peptidoglycanase VirB1 mills out the peptidoglycan layer. VirB6 controls the secretion channel and modulates it for secretion of diVerent substrate molecules. The lipoprotein VirB7 connects the core complex to the exocellular pilus, which is mainly composed of VirB2 subunits. The pilus is needed for sensing and capturing a potential recipient cell; for this, the pilus-associated putative adhesin VirB5 is thought to attach to receptors of the recipient cell.
In 1991, the EMBO meeting report on "Bacterial Conjugation Systems," organized by Erich Lanka and Brian Wilkins, ended with the following set of questions (Lanka and Wilkins, 1991) : "What in vivo signal triggers oriT cleavage and Fig. 3 . Architecture of the type IV secretion machinery. Model view of the type IV secretion apparatus composed of energizers (red), core complex components (blue), peptidoglycanases (grey), and surface-exposed components (yellow). The subunits are named according to the VirB/VirD4 secretion system of A. tumefaciens. (Left) Interactions that have been detected experimentally are schematically shown by connections between the components. (Right) Assembly of the data set of known interactions, along with the available data on the relative sizes, the membrane localization and topology, the oligomeric states, the structures and the functions, leads to a model view of the architecture of the complete Mpf/CP secretion machinery. Mechanistic models are discussed in the text.
transfer replication? What is the nature of the DNA transport pore and the role of the conjugative pilus? Once we saw clearly, now we see through a glass darkly!" Some of these fundamental questions have meanwhile been answered and the picture of the transport pore has become clearer. However, other questions, like the one regarding the cleavage trigger, still remain very up to date. On the other hand, we are now able to ask more speciWc questions: how does NTP hydrolysis drive the translocation of the substrates on the molecular level? What molecular switch turns the secretion machinery on or oV? How is the membrane barrier of the targeted host cell penetrated? The appearance of conjugation-related secretion systems (T4SS) associated with pathogenesis has imposed a series of application-oriented questions: what can we learn from conjugation to understand toxin secretion? How can we use this knowledge to speciWcally inhibit T4SS or to use T4SS as speciWc tools for protein and/or DNA secretion into eukaryotes? As it is a general rule in science, answers give rise to new questions. It will be interesting to follow where conjugation will lead us to in the future.
